| [ |

NACA TN No. 1562

]

[CSURry

K 8 APR 1948 =

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE
No. 1562

R ' SR e S
TR P .
A B SN Y o P S

CALIBRATION OF ALTIMETERS UNDER PRESSURE CONDITIONS
SIMULATING DIVES AND CILIMES
By Daniel P. Johnson

National Bureau of Standards

R

Washington
March 1948

~ o

. _
NOT TO BE TAKEN FROA THIS ROOM

- FOR REFERENCE - =

N A C A LIBRARY

LANGLEY MEMORIAL AERONAUTICAL

LABORATORY
T Leagiey Field, Va.

.



mmanmm"lwnmmumtnmw. T

01425 89 67
NATTONAL ADVISORY COMMTTTEE "FOR AERONAUTICS

TECHNICAL NOTE No. 1562

CALTERATION OF AILTIMETERS UNDER PRESSURE CONDITIONS
SIMULATING DIVES AND CLIMBS

By Daniel P. Johnson
SUMMARY

A method has been developed for the dynemic calibration of aneroild
altimeters under conditions of rapidly changing pressures simmlaeting
pressure conditions In ¢limbs and dives. It consists essentially in
photographing, under stroboscoplc lights, the altimeters and an especially
designed liquid msnometer, which mega'su.res the dlfference between the
rapldly changlng pressure to which the altimeters are subJected and an
accurately knmown constant pressure. The probable accuracy of the method
is about 3 feet at low rates and #10 feet at 30,000 feet per minute.

Tests were made of three types of sensitive altimeter and two types
of preclsiaon anerold barcmeter. The barcmeters were found to be sultaeble
for use as secondary staendards and have been used to callbrate electrical
contacting altimeters. The altimeters were tested at room temperature in
the cyclic state, in pressure cycles of ranges up to 30,000 feet.
Observatlons were at slmulated rates of climb and descent from about
1000 feet per minute to more thamn 30,000 feet per minute.

At rates of altitude change between 500 and 3000 feet per minute, the
lag varled from 5 to 50 feet for varlous altimeters. At 30,000 feet per
minute, the lag ranged from sbout 30 feet for the better sensitive
altimeters to more then 100 feet 1n erratic Instruments. The lag varied
irregularly with altitude, but at any glven rate and altimeter reading the
reproduclbility was about 5 feet.

High correlations were found between the lags at low rates and those
at high rates and between the lag and the Coulomb frictions measured by
various methods. The forces involved in the decay of trensient oscll-
lations accounted for only a small part of the lag.

On the grounds of efficiency, production tests should be directed
toward selecting instruments of relatively low lag rather then attempting
detalled measurements of the lag in erratlc instruments.
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INTRODUCTION

The problem of obtaining the instantenecus value of the altitude of
aircraft during a climb, dlve, or other maneuver involving rapid changes
in altitude 1s frequently encountered in flight testing and service.

The determinatlion of altitude by means of an anerocid altimeter under
such conditions can be broken into three parts: (a) the transfer of the
true static pressure from the atmosphere to the aircraft, which involves
proper deslign end location of the static tube to reduce 1its Iinstallatlion
error; (b) the relation of the pressure in the static tube to that at
the 1nlet of the altimeter, which lnvolves knowledge of the pressure
drope in the connecting lines; and (c) the determination of the errors
of the altimeter itself umder the conditions of use.

The instellation error of the static tube has not been determined
directly. Apparently this must be obteined from a measurement of the
total error in altitude by subtracting out the pressure drop and altim-
eter errors. The pressure drop in the connecting tubing hes been
studied experimentally and theoretically by e number of authors. (See
references 1 to 4.)

Much work has been done on the various errors of the altimeter
itself. In the case of the aneroid altimeters, procedures are well
established for measuring the effects of temperature, acceleration,
vibration, and so forth. ZErrors in the scale of-the altlmeters and
erroreg caused by hysteresis and by drift are usually determlned by
applying a statlc pressure 1n e number of steps and compering the altitude
indicated by the altimeter with that given by a standard altimeter for
each value of statlc pressure. The error caused by changlng pressure
with time, as in & climb or dlve, has been estimated from observations
of the osclllatory response of the altimeter to a sudden pressure
change. (See reference 5.)

A more dlrect approach to the determination of the errors in climb
and dive 1s to set up pressure standards suitable for calibrating altim-
eters under pressure conditions similasr to those in which they are to
be used. It should be possible to subJect the altimeter to any pressure
chenges within its renge, at rates of pressure change as great as can be
encountered in service. An accuracy comparable with that of the ordinary
gcale callbration 1s desiraeble. It 1s the purpcse of this paper to
describe such a pressure standard, 1ts use in calibrating altimeters, and
partieuwlarly its use in studying the effect on the scale correction of
rate of pressure change.

The author expresses hls Indebtedness to the members of the staff
of the Natlonal Bureau of Standerds for thelr asslistence and advice, in
particular, to . 0. Sperling, who designed the ball check valves used
in the check-valve manometer; to F. Cordero, who made the check valves
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for the manometer used in these tests; to A. Wexler, who supplied

the date on the calibration of the two contacting eltimeters; to

H. B. Henrickson, D. I. Steele, and V. H. Goerke, who assisted in the e
dynamic callbratlon runs; end to Marle de Novens, who did much of the
laborious computations involved in the tests.

This Investigation was conducted at the Natlonal Buresu of Standards
under the sponsorship end wlth the finsnclal essistance of the NACA.

DEFINITIONS

The direct determination of the scale corrections to be applied to
altimeters undex conditions of continuously changing pressure herein is
called dynesmic calibration to distinguish 1t from the gtatic calibration
in which pressures are held constant when reedings are made. The results
of a calibratlon may be expressed in terms of cgorrections obtained by
subtracting the reading of an eltimeter from the pressure altitude, thet
1s, the altitude 1n the U. S. Standard Atmosphere corresponding to the
true pressure. (8ee reference 6.) If the correction i1s obtained in a
dynamic calibration 1t 1s termed a dynemic correction; if in a static
calibration, a gtatlc correction. In gemeral, the dynamic socale
correctlion depends on the dlrection and rate of the pressure change et
the time of reading, on the magnitudé of the change in pressure Just
before the reading, end, to a lesser extent, on the history of the
instrument before the pressure change. In the dynemic calibrations
described, the pressures were changed so that the readinge of the altim-
eters changed at a substantially constant rate and simulated a cons'bant
rate of climb or dilve.

The lag is defined as the difference between a correction obtained
in a dynemic calibration, with pressure chenging, and the correction in
a statlic callbration obtalned at the same reasding. Both observatlons
should be made under similar condlitions as regerds previous history.
The lag may depend on the rate of pressure change, on the reading of
the instrument, on the conditicas of vibration, and so forth.

In the present tests 1t was found thet the reproduclibility of a
calibraetion at a simulated rate of altlitude change of about 1000 feet
per minute was somewhat better than the reproducibllity of a static
calibration. There was no significant variation of corrections in the
renge between 600 and 3000 feet per minute. Corrections obtained at
rates In this range are termed glow dynamic correctlons and may be used
as a reference for corrections obtalned at higher rates of altitude
change. The dynamic lag is defined as the difference between slow
dynamic corrections end the dynemic corrections obtained at = higher
rate. The dynemic lag is therefore that part of the lag of an altimeter
vhich depends on the rate of altitude changs. The dynemlc lag of an



4 "NACA TN No. 1562

altimster may be a function of the reading of the altimeter and the
directlon and rate of change of sltitude. The value of the lag is
poslitive when the correction at the higher rate 1ls more positive in _
ascent or more negative In descent. With this definition of signs the
hysteresls 1is greater at the higher rate 1f the lag 1s positive.

Altimeters are usually calibrated in the rested state, that is,
after having been at or near atmospheric pressure for at leaat 16 hours
before the test. This approximates the service condltlon in which the
aircraft makes g single flight in a day.

If & cycle of pressure changes 1s repeated, the corrections in the
secondl cycle will differ somewhat from those in the first. After a
number of cyecles, the corrections wlll have stabilized about new values,
with 1ittle change In subsequent cycles. The altimeter i1g then said to
be 1n the cyclic state with reference to pressure cycles of that rangs.
Six pressure cycles masy be considered sufficient to put an altimeter in
the cyclic state. Calibrations in the cycllc state are waluable in the
laborstory where an altimeter may be used in a large number of tests in
a day. In service flights, the cyclic state may be approximated when
a mansuver which involves an altiltude change is executed repeatedly.

In a pressure oycle covering the full range of an altimeter, the
hysteresis observed when the altimeter 1a 1n the cyclic state 1s usually
about B0 percemt of thet observed in the rested state.

PROCEDURE AND APPARATUS

The method of determining the dynamic correctlons near any given
teat polnt consisted essentially in photographing, et definlte short
time intervals, the readings of the altimeters under test and the liquid
levels in a menometer which measured the difference between the rapldly
changing pressure to which the altimeters were subJected and the sub-
stantlally constant pressure meinteined in a large ballast tank. Rates
of cliwmb or deacent were determined from the time interval and the change
of readlng between successive observatlons. The absolute pressure in
the ballast volume was determined by readings on the standard mercurial
baremeter.

A schematic leyout of the apperatus is shown 1in figure 1. The
instruments umder test were comnected by a manifold to a ballast volume,
the left leg of the check-valve manometer, and the control valve by which
the rate of pressure change was controlled. The valve coculd bs connected
to a pressure line or suctlion line by means of a two-way stopcock. A
sensitive altimeter, connected into the system near the control valve,
was used as a monltor in controlling the pressure change. The right leg
of the check-valve mancmeter was connected to a second ballast -volums,
to the standerd barcmeter, and to control valves 1n the suction and
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pressure lines. The check-valve manomster, the instruments under test,

& clock, and a thermometer were grouped in the field of a cemera, 11lumi-

nated by stroboscoplc lights, and enclosed on all sides by black curtains.

In operation, the part of the system connected to the right leg of
the check-valve manometer was stabllized at the pressure near which
dynamic observations were desired and the standard msrcurial barometer
was adJusted for readings et that pressure. The instruments connected
to the left leg of the manometer were carried through the desired )

gequence of pressure changes. The control valve was used to maintain the_"'“

desired rate of pressure change, as determined by timing the pointer of
the monitor altimster.

When the difference between the pressures in the two sldes of the .
system came within the desired range, as indicated by the check-valve
manometer, photographit exposures were made recording a series of
observatlons of the Instruments. At the same tlme the mercurial
barometer was read to determine the pressure on the right-hand side of
the manometer.

The stroboscoplc lights which illuminated the instruments were _
flashed at convenlent time Intervals. If the readings of the instruments
changed between successlve flashes, multiple images appeared on the
negatlive. Since the polnters and graduations of all the altimeters
were white on a black background, legible plctures could be obtalned
with as many as 10 such imsges on & single negative. In general, it.

was found that the number of useful images was limited by the difficulty o

of establishing which of the Images of the various instruments were
simultaneous. This was usually done by waiting until the check valves
had opened and the tops of both ligquid columns were visible, then
opening the shutter for not more than 10 flashes with an altitude range
well under 1000 fest. The fast pointer of a sensitive altimeter thus
made less than one full revolution, so that there was no confusion from

overlapping. The direction of the pressure change was recorded in the

log of the tests. The initlal image of all instruments was therefore
ldentlifiable and subsequent Images could be located by counting.

The timing of the flashes was controlled by a relaxatlion oscillator
which was locked in on the 60-cycle line frequency. For rates of climb
or descent greater than.about 12,000 feet per minute, the lamps were
flashed five times per second. For lower rates they were flashed once
per second. At rates less than about 3000 feet per minute the camera
shutter was opened for occasional flashes. The number of seconds between
pictures was indicated by the clock.

Satisfactory 1lluminstion of the meniscus of the manometer was

obtained by the use of a light placed about 2 feet back of the manometer

and Just below the line of sight. ILight was reflected into the camera )
from the alr-liquid interface at the bottom of the meniscus and produced
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a short line on the negative. Light was glso refracted into the camera
by the wedge of liguid near the rim ofthe menlscus and produced a
lighter line extending clear across the tube. Since the manometer was
viewed agalnst a dark background and there were no light sources at

the same level, reflections from the cylindrical walle of the manometer
ere not confusing in the photographs. The o¢ther instruments were
11luminated by a second light placed above the camers.

Flve obsgervations at & low rate of altltude change are recorded in
figure 2. According to the clock, the first was at-1:53:09 and the
last at 1:53:30. The polinter motion on all the aneroid instruments
was clockwlse, wilth the right arm of the manometer falling. The change
in pressure altitude was about 387 feet in the 21-second interval,
equlvalent to a rate of climb of about 1100 feet per minute. In the
images of the menlscus, the short line at the bottom and the long line
at the top are visibls. o

In figure 3, the conditions were similsr to those in figure 2
except that the rate of climb was about 30,000 feet per minute. F¥Flashes
were et intervals of one-fifth of a second. The polnter of each altim-
eter moved about 100 feet in this tims. :

Check-Valve Manometer

Details of the check-valve manometer are shown in figure 4. The
tubes are of precision-bore glass with an inside diameter of 0.554 inch.
They are assembled into the brass base and top sectlons and clamped
against gaskets. The flow of liguid 1s damped by a 40-mesh-per-inch
screen in the base. Check valves in the top sections prevent the liquid
from spilling over under large differential pressures. These valves
consist of hollow glass balls about 7 millimeters in dlameter which fit——
into glass seats. The balls are light enough to float in water and are
s0 accurately ground and fitted to the seats that there is no observable
leakage when they are pushed agalinst the seat. The balls are prevented
from dropping into the tubes by wire retainers. When the differential
pressure 1s large, the check valves close and the liquid 18 retailned 1n
the manometer. When the dlfferential pressure falls wilthin the range of
the manometer the check valves release and both liguid levels can be
obeerved..

The helghts 1n the two legs of the manometer were scaled on the
negative. Correction for shrinkage of the film was determined by
measuring & scale mounted between the legs of the manometer. The scale
interval was determined by dlrect comparisons with the mercurial
barometer and was found to check wlth that obtained from the nominal
denslty of the liquid. S o R - —

The readings of the mancmeter made when levels were changing at-a
constant-rate were corrected for the pressure drop across the restriction
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required to maintain the flow of liquid from one side of the mencmeter
to the other. The magnitude of this correction was determined by &
contlnuous-flow experiment. The glass tubes of the manometer were
replaced by tubes in which pressure taps were inserted and the ball
check valves removed. Liquid in a continuous flow was forced through
the manometer and the pressure drop between the two pressure taps
measured as a head of the same liquid. Rates of flow corresponded to
the highest and lowest encountered 1n the operation of the mancmeter.

Iiquids were used with kinematic viscosities ranging from 1 to 20 centi- -

stokes. All the observed pressure drops could be represented by the sum

of two terms, one proportionel to the kKinematlc viscosity and to the
first power of the veloclty and the second proportional to the square

of the velocity. With normal butyl phthelate at 25° C, the correction
was 0.4 millimeter of mercury when the reading of the manometer changed
at & rate of 5 millimeters of mercury per second and was 1.92 millimeters
of mercury at a rate of 20 millimeters of mercury per second. T

The manometer was filled with normasl butyl phthalate. This liquid
was chosen because: (a) it is transparent so that illumination of the
meniscus by intermal reflection was possible; (b) 1te density (1.045) 15
low enough to obtain a sensitivlity comparable with that of a water
mancmeter yet high enough to float the glass balls In the check valves;
(¢) 1ts viscosity (about 16 centistokes at room temperature) is such
that the effect of drainage of liquld from the walls is not serlous and
yet viscous damping is obtainable; (d) ite vapor pressure is low; (e) it
is not corrosive; and (f) it wets the glass walls of the tube so that
the meniscus is stable even after the manometer has been 1n use for a
long time.

The theory governing the operation of the manometer is glven in
the appendix.

Friction

The friction wlthout vibratlon was determined at the pressure
corresponding to the approximate midpolnts of the altitude ranges in
which lag measurements were made. The pressure was first increased
enough to cause the altitude reading to decrease by 200 to 300 feet,
then decreased slowly to the original value and held constaent while the
altimeters and anerold barometer were read before and after vibration.
Similar reasdings were made after the pressure had been decreased and
then increased slowly to the original value.

Free Period, Damping, and Coulomb Friction
The free periods were obtained by applying to the pressure Inlets

of the instruments & pressure which varied sinusoldally. As the
frequency of the pressure fluctuatlon was varied, the amplitude and
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phage of the pointer fluctuations were observed. The ratlo to critical

damping end the Coulomb friction were calculated by the mesthod of
reference 5 from observations of the pointer ocscillation following the
sudden release of a small pressure applied to the inlets of the
instruments. These obsservations were made at atmospheric pressurs and
room temperature with vibration comparable with that of the lag tests.

Viscous Damping Effect

The lag due to viscous damping L, was calculated from the formula:

Ly = APr/x«
where
A ratlo to critlcael demping
P free period
r rate of altitude change

FRIMARY DYNAMIC CALIBRATIONS

Dynamic calibrations were made simultaneously on sight—=sensitive
aircraft altimeters and one precision anerold barometer, using the
check-valve manometer system. as a primary standard. Separate call-
brations were made of & Wallace & Tiernan precision aneroid barometer.

All the sensitive altimeters had EE-inch dials, graduated to

10 feet, with the main pointer masking one revolution for 1000 feet.
Altimeters 839 end 840 were Kollsman altimeters of 35,000-foot range,
5373, 5374, and 5375 were Kollgman altimeters of 50,000-foot range,
and 5384, 5385, and 5386 were Pioneer altimeters of 35,000-foot range.
Altimeter 840 was bullt in 1937 and the others, about 1942.

The 6-inch aneroid baromster shown in the .lower right-hand -corner
of flgures 2 and 3 was one of two bullt in 1934 by the Kollsman
Instrument Company for. use in the National Geographlc Socilety and
U. S. Army Air Corps Stratosphere Flight of 1935 (referemce 7). This
ingtrument hed a range from O to 800 millimeters of mercury in eight
revolutions of the maln pointer, was graduated to 1 millimeter of
mercury, and could be read easily to 0.1 mlillimeter of mercury. It was
not temperature compensated and the correctlions on both temperature and
pressure scales were s0 large that corrections hed to be applied even
for rough readings. The calibration of this anerold barometer has been

o
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remarkably stable. For example, at an indicated temperature of 17° C
and & reading of 750 millimeters of mercury, the calibration of May 193k

gave a correction of 9.8 millimeters of mercury; in September 1935 the
correction was 10.2 millimeters of mercury; in August 1938 1t was ol
9.0 millimeters of mercury; in April 1945, 9.0 millimeters of mercury. -~
The curves of the 1935 calibration (reference T, P. 222) are used at
rresent for interpolatlon between the relatively widely spaced points
of recent callibrations. As shown by the teste described in the
following discussion, this particular instrument i1s well sdapted for

uge as a secondary stendard because its dynemic lag is negligible.

The Wallace & Tlernan preclsion aneroild barcmeter covered & rangs
from 20 to 1060 millibars in two revolutions of the pointer The

dilameter of the graduated scale of the barometer is sbout TE inches.

The graduation interval is 1 millibar and the barometer can be read
easlly to 0.2 millibar. The barometer was temperature compensated o
The scale errors were less than 2 millibars. - ST
Both precision anerold barometers have been used as secondary
standarde in tests of contacting sltimeters. These were 50,000-foot
sensltive altimeters in which electrical contacts have been inserted to
close an electrical circult at predetermined pressures. e
In the dynamic calibretions all readings in a series were made
whille the amercld instruments were being subJected repeatedly to cycles
between fixed end-point pressures. Just before the runs of a glven
range, the Instruments were placed in the ¢éyclic state by subjecting
them to at least six pressure cycles of the same range. This placed
all readings in the serles of cycles on the same basis, with regard to
previous history.

Runs were made at slow rates, that 1s, at rates of ascent and
descent between 600 and 3000 feet per minute and at faster rates ranging
up to 30,000 feet per minute. Some attempts were made to get obaer-
vations at 50,000 feet per minute, but satisfactory photographe were ~~
obtained in only a small percentage of these exposures.

Observations were made at points scattered over & range of several

cycle to obtain substantially constant rates of climb or descent for )
several seconds before each observation. Readings were made at the same
rate of change of altlitude in an ascent and the following descent.

The pressure was hseld constant at the high end low pressure extremes
of the cycle only for the time required to make preparations for the
readings to follow. Thils time was ususlly less. than 1 rinute at the
highest altitude and less than 5 minutes at the lowest altitude of a . . __.
cycle.
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All the tests were conducted at instrument temperatures of
approximately 24° C.

The sensltive altimeters were subJjected to vibration from a buzzer.
The intensity was sufficlent to make the pointers move smocthly during
pressure changes but not sufficient to cause significant—oscillations
of the poilnters. The large precision aperold baromster was not
vibrated.

Figures 5, 6, and 7 show in detail the resulte of observations made
on.three of the sensitlive altimeters near the midpoint—of a 9000-foot
pressure cycle. Qualitatlvely the performance of all the altimeters
tested was similar.

A quantitatlve summary of the teat results. is glven iIn table I. In
order to obtailn these data, plots similar to those in figures 5, 6, and 7
were made for ell instruments. Parallel smooth curves were drawn through
the pointe for low rates of change of altitude (those wlth short tails
in the figure). The separation of thege curves gave the hysteresis under
slow dynamic conditlons. In table I are given the average and maximum
valuee of the dynamic lag at & rate of 30,000 feet per minute for each
test polnt. . _

In general, the dynamic lag for both directions of altitude change
was such as’ to increase the hysteresis. The hysteresis at the high rate-
of change of altitude was therefore greater than that for low rates by
an amount—equal to double the dynemic lag. ZFor comparison, there is
glven the static hysteresis based on observations in which the pressure
had been held constant for about 1 minute before reading the standard
barometer and photographing the altimeters. These observations were
made during the same series of pressure cycles as the dynamic measure-
ments, so that they are closely comparable with regard to the previous
history of- the altimeters. . ’

Teble T shows the results of the frictlon test, that is, the
average of the changes due to vibration of each instrument obtalned wlth
increasing and-decreasing pressures. The free perilod of the instruments
as determined from pointer oscillations, the Coulomb friction, the ratio
to internal damping, and the lag due to viscous damping are also glven
in table T for each instrument. e -

The Wallace & Tlernman anerold barometer was given a separate
dynemic callbration. The setup was essentlally the same as that of
flgure 1, with the altimeters omitted, and the general conditions of-
operation were simlilsr to those in the tests of the altimeters. The
barometer was callbrated in the cyclic state, in a pressure cycle
between atmospheric pressure and approximately 460 millibars (0 to
20,000 £t). It was also glven tests at two rates of pressure change,
equivalent to vertical speeds of 3000 and 20,000 feet per minute.
Figure 8 1s one of the Photographs taken at the higher rate. A large
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number of observations were made at pressures between 540 and

G40 millibars. Figure 9 shows the results of this calibration. The
observed polnts fell so close together that many of the circles in
the figure enclose the polnts representing two to four observatlions.
The data indlcate a dynamic hysteresis of about 1.5 millibars at the
low rates and a dynamic lag of about 0.5 millibar, corresponding to a
hysteresls of about 50 feet and a lag of about 15 feet. Data taken
from figure 9 are included 1in table I for comparison.

The Wallace & Tlernen baromster was to be used to measure pressures
in a bell Jar several feet from it, and the callbration therefore was ~ =
made with a length of tubing attached. In the finsal application of the
barometer, the same piece of tubing was used. At least half of the
dynamic lag could be ascribed to pressure drops In this tube. For the
most part, the lrregularities in the calibration curve could be repro-
duced in repeat runs; they were ascribed to local irregularities in

the response of the pressure capsule. o A - ;
DYNAMTIC CATIBRATION WITH SECONDARY STANDARDS -

' The procedure of the primary calibrations 1s too elaborate for use
when the resulte of the calibration of large numbers of Instruments o
must be known immediately, as in acceptance tests or field calibration
of instruments. A precision aneroid barometer, for which the dynamic
characteristics are known, has been found to be a satisfactory secondary -
standard. A photographic record of the standard and a number of instru-
ments under test can be made while the pressure is changlng as desired.

The labor of obtaining the data as well as that of analyzing it can
thereby be greatly reduced.

Both the Xollsman end the Wallace & Tiernan snerold barcmeters
have been used in the callbration of sensitlive altlmeters of the con-
tacting type. The standard aneroild barcmeter was illuminated by a
gtroboscoplic light which flashed when the electrical contacts in the
altimeters were closed as the desired change was made In the pressure
to which the contact altimeter and the standard herometer were subJocted.

Data on the dynamic lag are glven in table II for two 50,000-foot,
contacting altimeters, one representative of the better instruments and
the other of those with excessive lag. The pressure altitudes at the 7'
contacts were obtained from the average of three runs in which the
average deviation from the mean was *4 feet for both instruments.
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SOURCES OF ERROR

Primary Calibrations

" The level of the llquid in each leg in the check-valve manomster
was read to about 0.002 inch on the negative, which corresponded to |
about 0.02 millimeter of mercury. The uncertalnty in determining the
conversion factor to milllimsters of mercury is about 0.2 percent. The
ecale interval was checked within 0.5 percent by comparison of the
check-valve manomster with a mercury colummn. The over-all error in
readling smsll differentisl pressures on the menometer was estimated to
be about 0.05 millimeter of mercury, or about 2 feet, at altitudes
below 10,000 feet and 0.1 millimeter of mercury, or about 4 feet, in
reading differentlal pressures above 5 millimeters of mercury. With
regard to measurements of lag and hysteresis, this error 1s random.

The correction for the lag of the check-valve manometer wes
determined wlth an uncertalnty of 5 percent 1n the contlnuous-flow
measurements. The lsg messurements were checked closely by measure-
ments on the decay of large initilal oscilllstions of-the column. This
correctlion may introduce an error in the lag of about 3 feetat
30,000 feet per minute and a negligible error at low rates.

Surface tenslon effectg were made small by choosing tubes of largs
bore. The meniscus formed by normal butyl phthalate in glass remained
symmetrlcal and well defined even after long use. The effects on the.
lag at 30,000 feet per minute of the change in shape of a falling
meniscus and of the. dralnage of liquid from the walls of the tube are
in the opposite direction, of the order of-1 foot, and therefore nearly
cancel. At very rapld pressure changes, the change of capilllary
depression will predominate and increase the lag of the manometer.

The pressure in the constent-pressure side of the system was
measured by & mercurial barometer which had a reproducibility of about
0.02 millimeter of mercury, or about 1 foot of altitude.

When the 1iquid moved from one leg of the manometer it displaced
about 25 cubic centlimsters. This caused & presgure change in the
constant-pressure slde of the system which was troubleséme in the.
early measurements. By use of an 80-liter ballast volume in this side,
the preesure change was reduced to the equlvalent of gbout 10 feet.

The absolute pressure at the midpoint-of the range of the check-valve
manometer--could be determined with an uncertainty of—a tenth to a fifth
of this pressure change, or 1 to 2 feet-

During the rapid pressure changes there was an appreclable flow
of air along the lines connecting the various instruments with the mani-
fold on the changing-pressure side of the manometer. In addition, while
the liquid was moving in the check-valve msnometer there was a flow in
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the line to the ballast volume on the constant-pressure side. The pres-
sure drop in the lines was kept small by meking them short and of large

diameter. The net effect on the lag at 30, OOQ feet per minute is
probably not more than 2 feet.

The sudden flow In the lines leading to the manometer &s the check
valves opened produced transient oscillations in all the instruments of
the system. The damping of the manometer reduced the oscillations In

that instrument to negligible magnitude before the midpoint of its range

was reached. On the other hand, the anerolds were undemped and oscilla-
tions may have persisted in some of them throughout the period of
obasrvation. In the first readings on a negative, errors of as much as
20 feet may result from such oscilllatlons. After the mldpoint of the

mancmeter had been reached, the osclllations were usually less than

5 feet. In general, observatlons whlch showed indications of oscilla-
tion were dlscarded when other data were availsble. ZErrors from
oscillations are of both signs and their princlpal effect is to increasse
the scatter of the results without great effect on the values of the lag.
TInaesmuch as these errors are in the instrument under test and not in the
absolute standard, they should be charged to the msthod.

The estimate of errors is summarized in table IIT for dynamic
calibrations made at pressure altitudes below 10,000 feet-.

Secondary Calibrations

When a precision anerold barometer or altimeter is used in cali-
bration,the transient oscillations associated with the check-valve
manomster are ellminated. For this reason the reproducibility of the
date may be expected to be a&s good as or better than in the primary
calibrations. When lag measurements are based on fast and slow cali-
brations made in close successlon, the results may be almost as good as
for the primary calibration. This would be partlicularly the case if =
readings were obtained in both directlons in the same or successive
pressure cycles. Hysteresls data so obtalned should also be failrly
reliaebls. Because of the posslbility of shifts In calibration in anerold
instrumsnts, less reliance can be placed on scale errors 8o oObtained.

DISCUSSION

The following inferences cen be drawn from the data plotted in
figures 5, 6, and 7 and given in table I. Thess inferences are supported
by the examinétion of the deta on the other instruments and other test
points, not glven in full because of space limitations.

C — e

At low rates of altitude chenge in a given direction, cbservations
could be reproduced wilth an average deviation of about +3 feet. At a
rate of 30,000 Fest per minute, the reproducibility was about 5 feet.
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While the reproducibility was fairly good at any given reading and
rate, the lag varied widely with reading. For example, observations
made on altimeter 5385 (fig. 7), in the four fast runs all fell within
5 feet of smooth curves for both ascent and descent. With decreasing
altitude the lag remained near 30 feet. On the other hand, with
increasing altitude the lag varied from gbout 5 feet at a reading of
4800 feet to about 45 feet at a reading of 5100 feet. The irregular
variatlon of lag with reading was abundantly conflrmed in data obtalned
in the secondary callbrations. For example, in table IY, altimeter 7h6
the largest and smallest lags were for adJacent test points, less than
300 feet apart.

Large lags are assoclated with irregular lags. The dlfference
between maximum and average values of the lag at 30,000 feet per minute
is a good measure of the varlation of the lag. This difference and the
average lag had the hlgh correlation of 0.7. This was also confirmed in
the secondary calibretlons.

There 1s some slight indicatlion of osclllations, with a perilod
compareble with the free period of the altimeter, superimposed on the
uniform motion due to the pressure change; for example, see figures 5
and 7 for the fast runs wlth lncreasing altitude. }

The 50,000-foot altimeters tested had a somewhat larger lag than
the 35,000-foot altimeters of either meke. OFf the eight semnsitive
altimeters, six had average lags at 30,000 feet per minute of less than
3C feet, with no individuel lag observation as large as 50 feet. This
probaebly represents the best that can be expected of sensitive altimeters
of the 3~inch size in the present stage of development. One of the
sensitive altimeters, 5374, had lags in excess of 100 feet at readings
near 8700 feet. That this can be expected in a significant percentage
of altimeters was Indlicated by tests In which a precislon aneroid
barometer was used as a secondary standard.

The performsnce of the 6-inch aneroid barometer is noteworthy. Its
lag was zero with the average deviation of an individual observation
about ¥5 feet. This shows that it is possible to bulld instruments of
smell lag. This instrument is considerably larger than the sensltive
altimeters, and its scale is covered by 8 revolutions of the fast polnter
as compared with 50 for the 50,000-foot sensitive altimeter. Presumably,
the use of a larger capsule combined with less gearing than used in the
gpensitive altimeterse results in & lower lag for this instrument.

Relation of Lag to the Decay of Translent Oscillation

Attempts have been made to predict—the lag from measurements of
the decay of oscillations which cccur after a step-functlon change of
pressure. These measurements are 1n substantial agreement with values
predicted on the assumption of a combinatlion of retarding forces due to
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viscous demping end to Coulomb friction (reference 5). These same )
retarding forces will contribute to lag in the case of altitude change
at a uniform rats. _ —

The contribution to the lag due to the forces measured in the
decay of transient oscillatione 1s given in table I. The Coulomb force

viscous damping force, which is proportional to the rate of altitude
change, will contribute to the dynamlc lag.

The lag at 1000 feet per minute ranged up to 29 feet, as compared
with Coulomb frictions ranging up to 10 feet. The viscous damping
forces would account for less than 10 feet of the dynamic lag, which
ranged up to 75 feet. The coefflclients of correlation between the
Coulomb friction and the lag at 1000 feet per minute and between the
viscous dsmping force and the dynamic lag were positive but of the same _
order as the probable error of the correlation coefflcients. The small L
correlation and the discrepancy in magnitude indicated that the analysis
referred to was not adequate for the prediction of lag.

The surprising high correlation of more than 0.8 was found between
the dynemic lag and the Coulomb friction forces obtained from the
analysis of transient responss. This was directly contrary to expec-
tation, since the Coulomb friction was assumed to be Iindependent of the
velocity while the dynemic lag is roughly proportional to the velocity.
This correlatlion is comparable with that between measurements of Coulomb
friction by various methods and even to that between rums by the same
method 1n different portions of the range of the instruments. Conse-
quently 1t appears that there is a close relation between the lag and
Coulomb friction.

Causes of lag

The lag of an aneroid barcmeter or altimeter seems to be a complex
phenomenon with a number of contributing factors which vary in.relative_
importance from instrument to instrument. The nature of certaln of
these factors is relatlively well understood, and it may be possible to
evaluate them by other experiments. . _ o o

Pneumatic effects.~ In many instruments the entrance connection to
the case contains a restriction to the flow of alr. The pressure drop
through this restriction will increase wlth increase of rate of pressure
change and mey vary as the first, second, or some intermedlate power of
the rate. At a glven rate of climb or descent this contributlon to the
lag will be a slowly varying function of altitude. Because of the .
similarity in nature it may be convenlent to estimate the pressure drop
and treat it as an lncrease in the effective length of the tubing. In
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may account for 5 feet of the lag at 30,000 feet per minute, or about
20 percent of that obeerved in the better instruments.

Thermal effects.- When an altimster or amerold barocmeter is
subJected to rapid increase in pressure, the alr inside it is heated
by compression; when the pressure 1s decreased, the alr i1s cooled. If
there were no thermal exchange between the air in the instrument—eand
the metal parts, the air would be cooled approximately 90° C in the
expansion from the pressure at sea level to that at 30,000 feet. The
heat transfer to the metal parts of the instrument is quite rapid, so
that the actual cooling is a small fraction of this. Since the elastic
members (diaphragms and springs) have relatively small mess and large
area, 1t ie entirely poesible for temperature gradients of several
degrees to occur within the mschaniem. Although the temperature- o
compensation means wlll correct for changes in temperature 1f-all parts
are at the same temperature, it i1s unlikely that complete compemsation
for temperature gradlents is obtalned. The resulting change in scale
error may be 1n elther direction, depending on the structure of the
Instrument. The error due to temperature gradients will be roughly
proportional to the rate of altitude change.

In addition to changes in alr temperature there may be thermo-
elastic effects in the stressed materlals themselves (reference 8).
For beryllium copper, the value of Young's modulus under adisbatic
stressing 1s greater than that under isothermal stressing by about
1 part in 300. There is little change in the shear modulus. If bending
or compresslon sgtresses predominaete, a lag of 50 feet would occur at the
midpoint—of a very fast altitude change of 30,000 feet.

Thermal effects could easily account for lags of the order of
20 feet observed in the better instruments tested. Such lags would be’
expected to be proportional to the rate of altitude change and be quite
regular in behavior.

Friction effects.- There are significantly high correlations
between the lag at all rates and the Coulomb friction observed in ths
decay of transient oscillations and between the lag and the friction
without vibration observed in the ordinary friction test. It-is also
glgnificant.that the maximum lags observed in the various instruments
are of the same order as the maximum values of the friction without
vibration. The lag at 1000 feet per minute (where Coulomb Ffriction is
presumed to dominate) was found to have a high correlation wlth the
dynemic lag (presumed to result from viscous drag) .

These facts indicate a close connectlon between the lag and _friction
desplte the apparent dependence cf the lag on the rate of change of
altitude. The following is set forth as a hypotheeis as to the relation
betweenn the friction and the lag. ’
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If an altimeter 1s subJected to a slow pressure change wlthout
vibration, the motion of the pointer is held back by friction and a
lag i observed. This lag willl not change much with rate. If vibration
is present, the pointer will be dislodged from time to time and wilil
move up toward the poslition 1t would have 1in the absence of friction.
After a short Jump it will catch and stop until dislodged again by the
vibration. If the pressure change 1s slow, the relsases from the
vibration will come so frequently that the pointer will not drop back
mich between releases, and the lag will be small 1f the pressure -
change 1s rapld, the pointer may drop back by the full amount of the
friction before being released, and the lag will be of the order of
the maximum friction. Therefore the lag will increase with increase
of rate of pressure change, even though the forces involved do not
depend on the rate.

The 1ncrease of lag with rate l1ls simllar to the effect of a viscous
retarding force much larger than that required to account for the decay
of transient oscillations. In the mechanism of the sensitive altimeter
1t 1s difficult to find any explanation for large viscous forces, since
pivots are frequently not lubricated, and the drag dus to windage and
gaseous flows 18 small. It seems more reasonable to assume that the.
Intermittent action of the friction forces glves riss to a quasi-viscous
drag. While 1t may be convenient msthematically to treat such forces
as truly viscous, thelr true nature should not be overlocked. In
particular, caution should be exerclsed in applying the results of one
type of experiment (for example, oscillatory decay) to very different
phenomena (for example, lag at substantially constant rate of pressure

or altitude change) . o

The frictlon varies irregulerly with reading, although at any
particular reading 1t may have a definite reproducible value. For
example, a rough spot on the tooth of a gear will cause increased .
friction, when that particular tooth is engaged, always at the same
reading. Furthermore, at a glven reading the friction may be large in
one direction and small in the other. These characteristics are
reflected in the lrregular, but reproducible, variation of lag with
reading and dilrectlon. o

The lag observations show some evidence of oscillatlons with a
perlod comparable with the free period of the mechanlem of the altim-
eters. This may be expected wilth irregular friction. Supposs the
pointer has been arrested at a point of high friction, then breaks free
(or is Jarred free by the vibration) and moves into a reglon of lower
uniform friction. A plot of lag agalnst tims would show an oscillation
about the constant value of the lag corresponding to the uniform
friction. The inltial dlsplacement of the oscillation will equal the
amount by which the pointer was held back at the polnt of arrest, and
the initlal velocity willl equal the average rate of changs of_reading
A plot of lag against pressure altitude will be gimilar to that of lag
against time 1f the pressure altitude is changing at a uniform rate.
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A plot of lag agelnst reading will resemble a cyclold with a cusp at

the polnt of arrest. Omne full cycle later there will be another cuap,
at which ths pointer motion will be relatively slow and the conditlons
favorable for another arrest. The progress of the polnter may then take
place in a succession of Jumps, each occupying a time equal to ths
period of free-pointer oscillation, with intervals of arrest during
which the pointer 1la stationary. The excess of starting friction over
sliding friction will suffice to maintain the oscllletions once started,
even 1n the gbsence of large irregulerities. This type of progress is
easlly observed when the pressure i1s changing slowly and the instruments
are not vibrated. With more rapid pressure changes and with vibration
the arrests are occasional and only partial and the pointer motion
eppears more uniform.

Relation of Dynamic Lag and Drift

The difference between statlc corrections and dynemic corrections
is ildentical with the drift during the period of 1 to 5 minutes spent—
at constant pressure before the reading for the statlic calibration ie
made. The causes enumerated for the lag may therefore be expschted to
contribute components to the drift. Thus, the lag due to friction will
be reduced to zero during the periocd at—constant pressure if the instru-
ment 18 tapped, and the effects of temperature changes will disappear
as the inequalities of temperature decay. The components of drift
assoclated with the lag may be expected to be effective over relatively
short times. The long time components of drift; which change little
over a period of hours or days, will persist over the whole of a rapid
pressure change and contribute little to the lag. However, the long
time camponents of drift may cause a shift of the static and dynamic
calibrations of a sensitive altimeter by as much as 50 feet in the first
ascent after a long time on the ground or in the flrst descent after a
number of -hours at high altitude. Thus, for an altimeter that-has not—
been flown for a long time and then 1s taken on an extended flight—at
high altitude, ths instrument may be expected to read low in the ascent
and high in the descent so that the width of the hysteresis loop is
Increased.

Only very scanty data on thess phenomena are avallable and
quantitative information must awalt a later investigatlon.

CONCLUSIONS

With the aid of the cheéck-valve mencmeter. and a photographlc
technique it-1is possgible to make dynamic calibratione of altimeters
and asneroid barometers at simulated rates of altitude change up to
30,000 feét per minute. The accuracy of such dynamic calibrations
compares favorably with that of the conventional static calibration;

and at low rates, 3000 feet per minute or less, the dynamic calibrations' 

may be even more relisbls.
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Dynamic calibrations against an absolute standard gre extremely
laborious, and i1t has been found convenlent to replace the check-valve
manometer wlth a large precision aneroid barometer of a deslign which
makes for negligible lag. With reasonsble precautions the labor of =a
dynamic,calibration can be reduced tremendously wlth small loss of
accuracy . .

When the highest accuracy is desired in the calibration of an
altimeter, 1t should be tested under the exact conditions of use, as
regards previous history, directlon and rate of approach to important
readings, and so forth. This wlll most probably take the form of a
history test and 1s possible only in exceptional circumstances.

Usually 1t will be acceptables to make a determinstion of average
lag for the altimeter in question, under the conditlions of use, and to
apply the corresponding corrections to all readings under conditions
of use. The bulk of the tests can then be under the more familiar
statlc conditions. If an average value of the lag 1s to bs used, it
is Imperative that the altimeter be selected for low and, which is more
Important, uniform lag. .

The testa described in this report Indicate that largs and
irregular lags are associated wilith large values of pointer frictilon.
In thie regard, the best of the 35,000-foot altimsters will probably
have a lag of the order of 5 to 10 fest at low rates and 20 to 30 feet
at 30,000 feet per minute, while the sensitive altimeters of 50,000-foot
range wlll probably show somewhat greater and more erratic lags.

A practical comparison test could be set up on the following lines:
As many altimsters as can be photographed convenlently are placed in a
test chamber with suitable buzzers and subJected to pressures changing
at any deslred rate. Readings can be photographed by a motion-plcture
camera or by a stlll camers with stroboscoplc light. At any test point
observations should be made with pressures increasing and decreasing at
the same rate. Instruments with large hysteresls or those exhibiting
irregularities in pointer motion should be rejected. A precision
anerold barometer could be used as a standard or the mean of several of
the better altimeters could be used as a reference.

A simple friction test or observatlons on the decay of oscillations
may be used for elimination of instruments which willl probably have
unsatisfactory lag characteristics. —
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In designing an eltimeter for low dynamic lag, the friction should
be made as small as posslble by good workmanship and by using a simple
mechanliem. Restrictions to air flow should be reduced to a minimum. -
The lsg In the elasstlc response should be congldered in the choice of
materlals. Cautlous use might be made of thermal phenomena to introduce
lag ccmpensation. _ e P —

Natlional Buresu of Standardse
Washington, D. C., February 20, 1946
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APPENDIX
THEORY OF CHECK-VALVE MANOMETER

For a maenometer of uniform bore with viscous damping, the followlng
differential equation can be shown to apply

L d°h

Loginns o
where -
h helght or difference in level between 1liquid surfaces in L e

mancmeter : - e —_ -
ho) differentigl pressurse
t time
L total length of liquid column, including both legs and
allowance for the bend
& acceleratlion due to gravity
D damping coefficient L

Any conwenlent unilts can be used for h and p, provided that -
they are the same. The units for +t, L, g, and D (which has the
dimensions of tims) must be consistent with each other, but not
necessarily with those for h and p.

Once the coefficients 1n the differential equation have been .
determined the differential pressure can be calculated from the observed
values of h and its two derivatlives. At least three observations at
time Intervals which are short in relation to the period of oscillation
of the manometer are required to dstermine the derivatives. In practice,
even an approximate determination of the second derivative requires
observations not more than 0.05 second apart. This is somswhat too
short a time interval for most work. It has been found preferabls to
use only observations mede when the rate of change of h 1s substan-
tlally constant. : s

If the value of h 1s observed to be changing at a uniform rate,
the first (acceleration) term in the differential equatlon drops out

and the pressure is glven by:



22 NACA TN No. 1562

dh _ _
Dgg+h=p (2)

Then tlLe pressure can be determined from the observed helight and its
derivative 1f the damping coefficient is known.

In general, when a changlng level ia first observed in the.
manometer, osclllations are superimposed. on the uniform motion. In a
properly designed manometer the oscillations decay rapldly and may
become negliglble before the level has moved out of the range of
obssrvation.

It will be convenient in the dlscussion of transeient oscillations
to substitute in equation (1):

2 _2
we = if (3)
and
= &b
cos B >

- D\[;-sg (4)

where cos 8 1s equal to the ratio of the damping coefficient to that
required for critical damping. Equation (1) becomes:

2
1l d&h 2 cog B dh
-_— £ =< +h=0p (5)
w2 dte W at

Assume the manometer to be subJected to a differential pressure
given by:

P=pp +Dt (6)

where pg 18 the pressure at which the check valve opens and p is

the rate of increase (assumed constant) of pressure with time. Until
the check valve opens et time % = 0, the 1liquid in the manomster will
remaln stationary at a height hy corresponding to Do+ After the

check valve opens, the differential equation (5) applies. That the

followlng equations form a solution of this differential equation can o

be verified by substitution:
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_ . _ s gicés 3 . sin (28 + wt 8in 8) -t cos &
h=py+Dt-p5——+0 > oin B ° (7)
dh _ 3 . ;8in (8 + ot gin 8) -wt cos & 8
at - P F sin B ()
a2n _ +» o 8in (ot sin 8)_-wt cos 8
L2 _p¢ e (9)
at2 _ gin 8§ .

The initial conditions are satisfled since for + = O, the
expreeslions for h and its flrst derlivative reduce to:

h=p - » 2 cos 8 + ﬁ gin 28

w w sin &
= P, (10)
gh =+ _ -8in 8
at - P P 5in 8
=0 (11)

The transient osclillletlons, represented by the last term of
equation (7), decay exponentially and eventually become negligible.
Equations (7) and (8) then reduce to:

h=p+Dt-p2eel (12)
and
éh 3
at - ¥

By use of equations (4) and (6), equation (12) can be reduced to
equation (2). The rate of decay of the transient oscillations is
determlined by the exponent: )
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-wt cos 8=-@-—é—E

Dt
= jair- (13)

If, as a firset approximation, D and I are considered to be
independent, the rate of decay is decreased by increase of I, and
increased by lncrease of D. On the other hand, the amplitude of the
oscillatlon term involves sin & in the denominator and becomes large
as 8 approaches zero and cos 8 approaches unity. Therefore the
damping should be chosen so that cos 8 1ie somewhat less thean 1. In
practice the optimum value of cos B is about 0.8, but-satisfactory
use of the menometer can be made wilth ~cos & between 0.4 and 0.9.

The rate of decay of transients decreases with increase of L.
Algo, the amplitude increases with Increase of 1L because of the
appearance of « 1n the denominator. For these reasons, it ie
desirable to make L as small as feaaible when guick response to
sudden pressure changes is desired. With a msnometer for which I is
less than about 50 centimeters, it 1s possible to have a period of
osclllatlon less than 1 second. With optimum demping, the transient
oscillatlons may be neglected after a time of the order of a half the
period of oscillation. With a small manometer it is therefore possible
to obtaln accurate observations on rapid pressure changes, provided
that the rate cen be held constant for more then a half second. The
upper limit for the rate of pressure change is set by the requirement—
that ‘the range of the manometer 1s not covered_in less than the period
of oscillation.

¥or photographic observation a manometer liquid of density
compargble with that of water 1s desirable, and consequently the
manometer can cover only a limited pressure range. When the masncmeter
is to be used for measurements over part of a large pressure change,
check valves are essentlal to prevent the liguid from spilling over.

At the beglnning of .the theoretical discussion, the simplifying
assumptions of uniform bore and viscous damping were made. Neither of
these holds for a real mencmeter. In general, to obtain satisfactory
damping it ls necessary to constrict—=the tube at the bend or to inter-
pose some other restriction to the flow. When the cross section of =
tube is reduced, the effective length 1s increased. Therefore the
contribution of the bend to the length I is much increased. The —
effective value of I was obtained from measurements on photographs of
the manometer at intervals of 1/30 second, after a large differential
pressure had been released. By calculation of . h .and ite first and
second derivatives at various times and substitution in equation (1),
approximate values of L and D could be obtained. This was checked
by a determlnation of ® by timing oscillations in the manometer when
1t was filled with a liquid of low viscosity. By both methods, the
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value of m2 was found to be about 75, and the effective value of L
wae therefore gbout 26 centimeters. The measured length of the liguid
columm was 20 centimeters, so the lncrease due to the réstriction was
6 centimeters.

The damping in a real manocmeter departs significantly from viscous
damping because of losses proportional to the square of the velocity of
the 1liquid. Therefore, the damping coefficient D in equations (1)
end (2) 1s not a constant but is a linear function of the absolute

magnitude |%| of the rate of changs of helght; that is,

= Dy + Dll%%l (1k)

The lag correction p - h =D %% to be applled to the readlings of the
manometer becomes a quadratic function of the rate of changs of height,

-h = éh ghi dh
P-h=Dogr* Dlldt at (15

in which the squared term =lways haes the same sign as the linear term.

With significent departure from viscous damping, the mathematical
analysis becomes more difficult end a general equation for the transient
oscillations could not be obtailned in a form suitable for practlical use.
Approximate solutions in certain speclal cases indlcate & qualitative
simllarity, provided that the damping ratio cos 8 1is given a suitable

average value, which increases with increase of the rate of change of
height Idh I The choice of the effective values of L and cos & in

the presence of nonlinear damping follows the same general conslderations
as those outlined for linear demping. But the method of evaluating cos b
and L from the decay of a transient oscillation and obtaining D from
equation (4) 1s not appliceble. :

When the helght 1s increasing at a constant rate, the lag cor-
rection p - h may be assumed to be equal to the pressure Ap required
to force the liquid through the restriction from the felling to the
rising side of the mancmeter. If the volume flow through the bend is V
and the area of the tubes 1s a, the level rises in one slde at a
rate V/a and falls in the other at the same rate. The difference in
lovel changes at a rate S

o7 -
= & o o (16)

&lE
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Equation (15) then becomes: -

&Ap=Pp-h
v ov}?
= Dy T~ + D1l (17)

when h is increasing. (When h 1s decreasing the terms in V
and V2 are both negative.)

Assuming leminar flow and including end and bend losses, the loss
of head Ah across a restriction 1s glven by:
v 2
pg &h = poV + kp('g
or

& = v 4 §(§)2 (18)

where u 1s the absolute viscoslity, p 1s the density of the liquid;
and k &end o are constants.

Camparing equations (17) and (18) it is seen that

~
D = R 2
0" g2
and r (19)
k .
Dl = hg
</

Measurements wore made on liquids for which the values of u/p were
between 1 and 20 centistokes and with range of flow which extended to
higher rates than were expected to be used 1n the manometer. All the
data could be represented_by equation (18) within the accuracy of the

measurement. For normal butyl phthalate at 252 ¢ % = 15.6 oentistoke%
the value of Dy was 0.078 ¥ 0.003 second and that of Dy was
0.0009 * 0.0001 second® per millimeter ofmercury-

The effective value of cos & corresponding to this deamping is
between 0.35 and 0.40, when the oscillations are superimposed on slowly

i

|
il
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changing readings, and rises as the rate of pressure change Increases.
Optimum damping (cos 8 about 0.8) 1s reached at rates of pressure - )
change in excess of 50 millimeters of mercury per second, corresponding

to a rate of climb or descent of more than 200,000 feet per minute.

The determination of the lag coefficient by the continuous-flow
method 1s subJject to some uncertainty because of the possibility of
energy losses at the tops of the liquid column. The losses between the
two pressure taps, located in the center of lengths of stralght plpe,
with a continuous stream of liquid, might differ from the losses between
two llguld surfaces. L

Observations of the oscillations of the manometer liguid, after
the sudden relsase of & pressure of about 10 millimeters of mercury,
provided a check on the value of D at a rate of pressure change of S
the order of 4O millimeters of mercury per second, sbout double the
highest encountered in the dynemic calibration. Agreement with the
continuous-flow tests was within about 0.005 second, corresponding to
an uncertainty in the lag measurement of less than 3 feet of altitude
for rate of ascent or descent up to 30,000 feet per minute.
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TABLE T

SUMMARY OF TEST FESUIDS

[Statio hysterssis from ocalibration with constant pressure during readings; dynamic hysterésis fram

calibration at approrimate rate of change of altitude indicated.
at indicated rate of

calibrations at 30,000 It

and at 1000 ft/min:]

29

Iag, changs between calibration
of altitude and static celibratlon; dynamic lag, changs between

Eyateresls Lag
Ih.uz,.) e Static Dynemic, at | Dynamic, at | Averags, at | Averags | Aversgs, at Maxrimm, at Frictiem,
(£t) | 000 ft/mia | 30,000 ft/min | 1000 ft/min | dynsmic |30,000 ft/min {30,000 fi/kin |no vidratica
(£t (£t) (2t (£¢) (rt) (%) (£t)
Readings between 4200 and 5200 feet In S000-foot cycls
Altimeter B39 39 b3 () 1 18 19 35 32
Altizeter 840 ko L3 12k 2 Lo ] 8 39
Altimster 5373 66 85 133 10 2h 3k 58 0
Altimeter 5374 Th T2 222 -1 T T 58 59
Altineter 5375 36 5 103 9 2k 33 173 95
Altimeter 53 k3 ks [ 1 12 13 29 37
Altirzeter 5385 32 ko 98 b 29 3 51 29
Altimeter 5386 35 15 91 5 3 2! k3 37
6-inch aneroid 35 35 38 o 1 1 12 12
Wallace & Tiernan eneroid - —— -— - - - -—_ -
Readings between 4200 and 5200 feet in 18,500-foot cycls
~ Altimster 839 k6 68 98 1 15 26 37 32
Altimater 850 23 =5 103 15 24 o &7 39
Altimster 5373 53 105 ik 26 20 L6 ™ k9
Altimeter 537k kad 134 219 2g .t T1 102 59
Altimster 5375 50 65 129 32 ) 53 96
Altimeter 53 27 ko fas 7 18 25 37 37
Altimeter 5385 26 50 g? 12 22 3h SL 29
Altizeter 5366 e7 55 T3 16 30 50 37
6-inch eneroid 31 39 L3 k [ 6 28 11
Wallace & Tierman aneroid | 32 39 . Bek 3 b1 b1g b2g -
Reedings between 8200 and 9200 feet in 1B,500-foot cycle .
Altimeter 839 k6 76 105 15 it 3 29 ag 3%
Altimater 840 16 = 133 17 L2 5 ko
Altimster 3373 6k 115 172 26 28 71 &
Altimster 5374 93 130 257 18 6k 12k 63
Altimeter 5375 5 65 121 6 28 30 Ls 50
Altimster 53 T F-] 10 22 32 4o 36
Altimater 5385 23 51 93 1L o1 35 ;g 1
Altinster 5386 29 55 112 J.g 28 by 3
6-inch eneroid 35 51 g b 12 19 1k
Wallace & Tlernan ansroid | 50 B b . T b3 b20 bop -
Transient response characteristics at ajmospheric presaure
Imtnnna( ) nt
s Froe period Ratio to aritical Coulamb friction Dynemdo lag dus to
[€) dsmping ( viscous demping
(€2}
Altimeter 839 0.36 0.07 3 3
Altimeter 840 .35 2k 1 1
Altimster 5373 Rk 12 5
Altimster 537h k0 .05 10 3
Altimeter 5375 .36 15 8 9
Altimeter 53 32 .10 & _ 5
Altimeter 538% .31 .09 [ &
Altimeter 5386 .2 WL 5 5
6-inch anercid . .05 o] 3
Wallace & Tiernan aneroid AT 05 o 1

;BA:.timteru 839, B0, 538%, 5385, and 5386 wers of 35,000-ft range; altimeters 5373, 5374, and 5375 were of 50,000-I% rangs.

te of change of altitude, 20,000 It

/min.
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DYNAMIC LAG OF CONTACTING ALTIMETERS USING

ANEROID -BAROMETER STANDARD

E)ecreas ing altitude only j

Average pressure Average pressure
altitude (ft) et |Dynamic | altitude (ft) at |Dynamic
contact for lag for contact for lag for
altimeter 76 at | gltim- | altimeter T42 at | gltim-
descent of - eter TL6 descent of - eter Th2
(£t) (£t)
20,000 1000 (1) 20,000 1000 (2)
ft/min | £t/min ft/min | £t/min
10,245 10,275 30 10,260 10,297 37
8,544 8,57k 30 8,568 8,662 Gk
7,091 7,104 13 7,122 7,202 80
5,878 5,904 25 5,942 6,012 70
L,893 h,911 18 4,951 L, 9712 21
4,080 4,097 17 4,096 4,137 41
3,419 3,427 8 3,425 3,460 35
2,830 2,857 27 2,877 2,898 21
2,346 2,361 15 2,373 2,417 Ly
1,938 1,95k 16 1,979 2,012 33
1,622 1,623 1 1,658 1,695 37
1,309 1,346 37 1,356 1,386 30

;Mean lag, 20; average deviation, #8.
Mean lag, 45; average deviation, +18.

SNACA T



TABLE ITT

ESTIMATE OF FRRORS IN PRIMARY DYNAMIC CALTERATYONS AT

PRESSURE ALTTTUDES BELOW 10,000 FEET

Brror (ft) at rates of -

Source
1000 £t /min 30,000 £t/min
Mercuriel baromster 1 i
Reading of check-valve manometer 2 b
Surges in ballast volume 1 2
Lag of manometer 0 3
Prespure drop in lines 0] 2
Burface tenslon effects 1 2
Tranglent osclllations 0 5
Maximum error 5 20
Probeble error 3 10

~TE
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Figure 1.~ Schematic diagram of apparatus for absolute dynamic calibration.
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Figure 2.- Photographic observations in primary dynamic
calibration. Rate of ascent, 1100 feet per minute,
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Figure 3.-
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Photographic observations in primary dynamic

calibration. Rate of ascent, 30,000 feet per minute.
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Check-valve manometer.

Figure 4.-



ro
o
()

150 | —
' s
100
g 12
-0 —0
o
g Fo|
50 Ve
z
e
S o & 0 &
&
w g O R
14
:_: o
8
ol
— &— o= 0
-50 I 2 3 4 Run
o & & 1000 ft /min
o— 12,000 ft/min
O— 6— @— @ 30,000 ft/min
-100
4200 4400 4600 2800 5000 5200
READING, FT ~NACA -
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Figure 7.- Dynamic scale corrections. Altimeter 5385 in cycles between 0 and 9000 feet. Tails
point toward preceding reading in point of time. Rate of change of altitude indicated by length
of tail. Four symbols with similar tails indicate four nominally identical runs.
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Figure 8.- Photographic observation in primary dynamic calibration. Rate of descent,
20,000 feet per minute.
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Figure 9.- Dynamic scale corrections; Wallace and Tiernan precision aneroid barometer in
cycles between 0 and 20,000 feet, Tails point toward preceding reading in point of time,

Rate of change of pressure indicated by length of tail.
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